The characteristics of Huimin high phosphorus limonite ore and the beneficiation of this iron ore by sodium-carbonate-added carbothermic reduction, ultrafine grinding and magnetic separation were investigated. Iron particle size in reduced ore without Na2CO3 additive is tiny and the fayalite is abundant. It is indicated that the formation of fayalite is the main hindrance to accelerate the reduction of limonite. With a mass ratio of Na2O3 to ore of 10% additive, the reduction of limonite can be reinforced. The reinforcing affect may be caused by the increase of the reducing reaction activity of FeO and the acceleration of the carbon gasification reaction rate. Fluorapatite were not reduced in the low temperature reduction process and entered to gangue phases, after ultrafine grinding-magnetic separation process, a qualified iron concentrate with 76.47% Fe, a recovery of 73.20% is obtained with simultaneous decrease in the phosphorus content down to 0.25%.
Introduction
With the continuous and rapid development of iron and steel industry in China, China has become one of the world's largest importers of iron ore and is facing the risks of raw material shortage for the iron and steel industry. 1) To eliminate such risks, China has to focus on the utilization of its domestic iron ore resources though most of them are either refractory or of low grade. [2] [3] [4] A large deposit of about 20 billion ton of high phosphorus iron ore is in the Huimin region of Yunnan Province, 5) and the limonite ore with an average of 0.80% phosphorus and 34% iron contributes to about 20% of the Huimin iron reverse. The lack of understanding on the existence of phosphorus and iron oxides coupled with the erratic distribution within some of the ore bodies in the Huimin iron ore has limited the development of appropriate beneficiation techniques. As a result, the cheap and abundant high phosphorus limonite ore reserves in the Huimin iron have remained largely unexploited. Therefore, the development of an economically viable technology for this cheap and abundant high phosphorus iron ore as a resource in iron making is of profound importance.
The main objective of this research is to investigate the carbothermic reduction behavior of high phosphorus limonite ore with sodium carbonate. The phase transformation of phosphorus compounds and the effects of reduction conditions on the magnetic separation index, including reduction temperature, reduction duration, C/Ore mass ratio and Na2CO3 dosage were studied. It is therefore believed emphasis is paid to the effect of Na2CO3 on the reduction of limonite and the proposed in this paper will be of benefit to the exploitation of similar high phosphorus limonite ore.
Experimental

Materials
The limonite ores with high content of phosphorus used in the present work were collected from Huimin iron ore deposits, in Yunnan Province of China. Table 1 shows the chemical composition of the high phosphorus limonite ore. The pulverized coal used as the reductant with a particle size <1 mm was supplied by Kunming Iron And Steel Ltd, Yunnan, China. The industrial and fusibility analyses results are listed in Table 2 . The reactivity of pulverized coal result is listed in Table 3 . The solid Na2CO3 used as the alkaline additive in the experiments was of reagent grade (Tianjin Chemical Plant).
Experimental Procedure
Carbothermic Reduction Process
Carbothermic reduction experiments were performed in a muffle furnace (SRJX-8-13, Troody Shanghai Sales & Service Centre) with an average heating speed at 10°C/min. 50.0 g raw ore with a particle size <0.5 mm was mixed with pulverized coal (or sodium carbonate) for each and every experiment. The mixture was placed in the graphite crucible of 600 mm in diameter and 800 mm in length. The process temperature ranged from 800 to 1 100°C, the reduction time ranged from 60 to 180 min, the C/Ore mass ratio ranged from 5% to 25%; and the mass ratio of Na 2 O 3 to ore ranged from 5% to 20%. Upon the completion of experiments, the samples were taken out from the furnace and cooled down to ambient temperature with N 2 protective atmosphere (1 L/min).
Grinding and Magnetic Separation Process
A wet conical ball mill (ϕ240×90 mm) was used for the reduced ores grinding process, and the grinding fineness of reduced ores were controlled to about 90% below 74 μm by water-sieving. Magnetic separation process was conducted in magnetic separator (ϕ50 mm) with a magnetic field intensity of 238 kA/m. At the end of the experiment, the concentrate was filtered and TFe and P-content of concentrate were analyzed. The iron grade of magnetic concentrate, P-content in the iron concentrate and iron recovery were considered as the main basis for evaluation of test results.
Analysis and Characterization
The reduced ores were divided into two portions. One portion was crushed and milled to below 75 μm for chemical and X-ray diffraction (XRD) analyses, and the other portion of reduced samples fracture surfaces was used for microtopographic analysis. The chemical analyses were conducted by the Kunming Metallurgy Research Institute. The XRD patterns of the raw material and the reduced samples were acquired with a Rigaku diffractmeter using Cu Ka radiation, and the scanning angle was varied from 10 to 90°(2θ) at a speed of 1.2° min -1 . The microstructure of the reduction product was observed with a scanning electron microscope (SEM, FEI Holland, Philip).
Results and Discussion
Sample Characterization
Hematite and goethite are the main phases identified by powder XRD, as shown in Fig. 1 . The gangue mineral is mainly quartz and the fluorapatite constitutes the phosphorus compounds. Chemical analysis of raw ore shows that the iron grade of run-of-mine is 34.47%, the average content of phosphorus is 0.85% and the content of silicon dioxide goes up to 29.93%. As we all known, phosphorus is one of the most detrimental impurities in steels and it reduces the lowtemperature toughness of iron and steel products, 6) while silicon dioxide is apt to react with ferrous oxide and metallic iron, resulting in a decrease of metal ratio. Thus, phosphorus-removal and reinforcing the reduction of iron oxide are very important for the beneficiation of this iron ore with high content of phosphorus. Optical microscopic examination and Energy Dispersive X-ray Spectroscopy (EDS) analysis were employed to determine the occurrence and distribution of iron and phosphorus minerals. The results are shown in Fig. 2 .
The visual inspection of image indicates that dark grey particles limonite cements and grey particles limonite clastics are clump together and they are the principal phase, while the dark particles quartz are the second phase and presents itself as either liberated particles or attached to the edges of the dark grey particles ( Fig. 2(a) ). Simultaneously, the results of X-ray energy spectrum analysis show that the dark grey particles and grey particles are composed of limonite minerals. The grey particles are limonite clastics and contain a small amount of Al, Si Due to its low grade and its complex mineral dissemination particle sizes and its high content of phosphorus, it is very difficult to beneficiate this iron ore by traditional dressing, such as magnetic separation, gravity concentration, or flotation. Therefore, a new process using a carbothermic reduction was studied. Figure 3 shows the effects of temperature on a reduction performed for 90 min and with a C/Ore mass ratio of 15%. The results show that it is benefit for the increase of iron The reactivity of pulverized coal gives the degree of chemical reaction ability between the pulverized coal and carbon dioxide at certain temperatures, where α is the degree-of-reduction for carbon dioxide. concentrate grade and iron recovery and the decrease of Pcontent in the iron concentrate when the reduction temperatures increase during the range of 800°C to 1 050°C. This can be attributed to the high reactivity of pulverized coal, which increases the ratio of CO/CO2 in the crucible at higher temperatures. With a further increase in temperature up to 1 100°C, the iron recovery trends to decrease. This is due to that high reduction temperature urge abundant low melting point materials formation, which hinder the internal diffusion of reducing gas in the indirect reduction process. 7) It can therefore be concluded reduction temperature has a great influence on the reduction of the present limonite ore, the recommended temperature is 1 050°C.
Reduction Behavior of High Phosphorous Limonite Ore
Effect of Temperature
Effect of Reduction Duration
The effect of duration on the reduction of high phosphorous limonite ore was studied at 1 050°C with 15% of pulverized coal. The duration varied from 60 min to 180 min and the reduction curve is presented in Fig. 4 .
As shown in Fig. 4 , increase in duration from 60 min to 150 min causes a sharp increase in the iron recovery. The iron recovery increases from 51.9% to 72.4%. No significant effect on the iron recovery was observed when further increasing duration to 180 min. The main reason for such an increase in iron recovery is that the growth and aggregation of iron grains can be improved when the reduction duration increases, which is benefit to the recovery of iron grains and the separation of iron grains from gangue during magnetic separation process. Consequently, the recommended duration is 150 min.
Effect of C/Ore Mass Ratio
To study the effect of C/Ore mass ratio on the reduction of high phosphorous limonite ore, several reduction experiments were performed at 1 050°C for 150 min. The reduction ISIJ International, Vol. 52 (2012), No. 10 curves presented in Fig. 5 show that the iron concentrate grade increases from 59.9% to 65.7% with a decrease in the phosphorus content from 0.78 to 0.59%, the iron recovery increases from 66.8% to 74.3%, when the C/Ore mass ratio is raised from 5% to 20%. In fact, when the pulverized coal content was improved, the Boundouard reaction proceeded at a much faster rate to provide the reductant CO. It increases the ratio of CO/CO2 and accelerates the reduction process. With a further increase in C/Ore mass ratio up to 25%, however, the magnetic separation index has no significant change. Therefore, the recommended C/Ore mass ratio is 20%. An iron concentrate with 65.7% Fe, and 0.59% P can be obtained, at an iron recovery of 74.3%. It can therefore be concluded that it is difficult to restore the limonite ore with TFe 34.64% and P-content 0.85% because its reduction needs high temperature, long reduction time, and strong reduction atmosphere.
Effect of Na2CO3 Addition
The effect of Na2CO3 on the reduction behavior of limonite ore with high phosphorus content was examined by carbothermic reduction experiments. The reduction experiments were performed at 1 050°C for 150 min and with a C/Ore mass ratio of 20%. The reduction curve is presented in Fig.  6 .
As shown in Fig. 6 , increase in mass ratio of Na2O3 to ore from 0% to 10% causes a sharp increase in the iron concentrate grade and a significant decrease in P-content in iron concentrate. The iron concentrate grade increases from 66.3% to 76.7% and the P-content in iron concentrate decrease from 0.57% to 0.25%. In addition, the iron recovery percentage is 73.3% without Na2CO3 addition and the iron recovery can be increased by 2.1% and 5.1% respectively at a mass ratio of Na2O3 to ore of 5% and 10%. With a further increase in Na2CO3 dosage, the iron recovery percentage trends to decrease. This is due to that Na2O forms through dissociation of Na2CO3 and can participate in a reaction with SiO2 and fayalite (2FeO·SiO2) which can be expressed by Eqs. (1) It can be drawn a conclusion from Eqs. (1) and (2) that the formation of fayalite can be suppressed and the FeO in the fayalite can be replaced by Na 2 CO 3 additive condition. This increases the reducing reaction activity of FeO and reinforces the reduction of iron oxide. However, excess Na 2 CO 3 does not help the reduction of limonite because Na 2 O dissociated from Na 2 CO 3 will be in the liquid phase; and abundant liquid phase will hinder the internal diffusion of reducing gas. Moreover, the surplus Na 2 O will participate in a solid reaction with Fe 2 O 3 and result in the formation of sodium ferrite (Na 2 O·Fe 2 O 3 ), which is prone to enter the tailing during magnetic separation process.
9) It can therefore be concluded that Na 2 CO 3 dosage has a great influence on the reduction of limonite, no or excessive Na 2 CO 3 addition cannot help the reduction of limonite, and only an appropriate Na 2 CO 3 dosage can reinforce the reduction of limonite. The recommended Na 2 CO 3 dosage is a mass ratio of Na 2 O 3 to ore of 10%.
Characteristics of Reductive Samples
Phase Transformation of Limonite during Carboth-
ermic Reduction In the carbothermic reduction experiment with limonite, X-ray diffraction (XRD) was used to characterize the reduced samples (treated at 1 050°C for 150 min with a C/Ore mass ratio of 20%). The results are shown in Fig. 7 . The patterns indicate that the iron phase is mainly metallic iron, and partly occurs as fayalite (2FeO·SiO 2 ) and magnetite (Fe 3 O 4 ) in the reduced sample without Na 2 CO 3 addition (Fig. 7(a) ). The diffraction peak of metallic iron increases markedly with a corresponding decrease in the diffraction peak of fayalite when a mass ratio of Na 2 O 3 to ore of 10% was added ( Fig. 7(b) ). It is well known that SiO 2 can participate in a solid reaction with FeO and metallic iron, promoting the iron grains convert into fayalite (2FeO·SiO 2 ) when the raw ore contains high SiO 2 content. Although fayalite can be reduced to metallic iron by solid carbon, it is more difficult than the reduction of FeO because the reduction of FeO in fayalite requires to process a dissociation reaction of complex compound. Moreover, once fayalite forms, it will act as 
a nucleating agent and lead to the growth and reconstruction of metallic iron on the fayalite's interface as the reduction continues and as a result, fayalite will be separated from the reducing agent, which makes the reduction of fayalite even more difficult. 8) However, Na 2 O can replace the FeO in fayalite, which increases the reducing reaction activity of FeO and reinforces the reduction of iron oxide. These analyses indicate that the significant amount formation of fayalite is the main hindrance to the rapid reduction of limonite with high SiO 2 content, while adding a mass ratio of Na 2 O 3 to ore of 10% can effectively reinforce the reduction of this iron ore.
Metallic Grain Characteristics of Reductive Sam-
ples A scanning electron microscope (SEM) was employed to identify the metallic grain characteristics of reductive samples (treated at 1 050°C for 150 min with a C/Ore mass ratio of 20%). As shown in Fig. 8 , the distribution of iron grain in reduced sample without Na 2 CO 3 addition is widespread, and the iron grains are very small and show a sporadic distribution ( Fig. 8(a) ). The granularity of the iron grains was generally below 10 μm. The iron particle size in the reduced ore reinforced by Na 2 CO 3 is coarser and more aggregated than the reduced ore without Na 2 CO 3 additive (Fig. 8(b) ). The granularity of the iron grains was generally above 20 μm. Meanwhile, some pores are formed during the carbothermic reduction of limonite with Na 2 CO 3 addition.
To identify the phase of the material, EDS analysis was performed in the regions marked in the SEM image shown in Fig. 9 . The EDS analysis of the sample indicates that the phase rich in iron is deficient of phosphorous and oxygen (Figs. 9(a), 9(b) ), while the phase rich in silicon and phosphorous is deficient of iron (Fig. 9(c) ). This confirms the high degree of metallization and segregation of iron and gangue in the reduced sample with a mass ratio of Na 2 O 3 to ore of 10%. It can therefore be concluded that Na 2 CO 3 addition has an important effect on the metallic iron grain characteristics. These results indicate that the iron grains were surrounded with gangue during the carbothermic reduction without Na 2 CO 3 because it is difficult for iron grains to grow and aggregate due to the high SiO 2 content. 10) This hinders the separation of the iron and gangue phases. However, the separation of iron from gangue can be improved when a mass ratio of Na 2 O 3 to ore of 10% is added. This can be attributed to the reinforcing affects of Na 2 CO 3 .
11)
Thus, the liberation of iron phase from the gangue will become easier and a favorite condition for the magnetic separation is created. These may be the main reasons for the increase in the iron concentrate grade and decrease in Pcontent of iron concentrate when the Na 2 CO 3 is present.
Phase Transformation of Fluorapatite during Carbothermic Reduction
The reduction reaction of fluorapatite during carbothermic reduction roasting can be given. The minimum reduction temperature of fluorapatite can be obtained by calculating the balance temperature of Eq. (3), and the temperature is about 1 400°C. Thus, fluorapatite is not reduced to P2 at the temperature of 1 050°C. It can be seen from the previous research as well that phosphorus compounds are not reduced in the low temperature reduction process of iron minerals with high content of phosphorus and remain in the form of oxides in the gangue phases. Figure 10 shows the distribution of Fe, P and Ca in the reduced ore (performed at 1 050°C for 150 min with a C/Ore mass ratio of 20% and a mass ratio of Na2O3 to ore of 10%). The results indicate there is an obvious separation between iron phase and gangue phase ( Fig. 10(a) ), and the phosphorus distribution has a consistency with the calcium distribution (Figs. 10(b), 10(c) ), which mainly localize in gangue phase. These analyses indicate that phosphorus compounds are not reduced and still exist as fluorapatite. Based on the magnetic differences between the gangue minerals and the magnetic minerals, phosphorus-removal can be realized by magnetic separation if the gangue minerals can be fully separated from the magnetic minerals. Ultrafine grinding is therefore an efficient way to obtain a qualified iron concentrate.
13)
Ultrafine Grinding-Magnetic Separation
As shown in Fig. 11 , the iron concentrate grade increases from 69.4% to 78.2% with simultaneous decrease in the phosphorus content from 0.52% to 0.22% and the iron recovery decreases from 78.0% to 68.5%, when the grinding fineness is raised from 90%-90 μm to 90%-26 μm. It is well known that ultrafine grinding is benefit for the liberation of magnetic minerals, but the content of fine-grained magnetic minerals will increase during the ultrafine grinding process of reduced ores. The smaller the fineness, the weaker the magnetic force during magnetic separation process. As a result, the fine-grained magnetic minerals will loss to the 
Conclusions
The beneficiation of a high phosphorus limonite ore (TFe 34.47%, P 0.85% and SiO2 29.32%) by reduction roasting and ultrafine grinding-magnetic separation was investigated, with paying the attention on the reinforce affects of Na2CO3 and the phase transformation of fluorapatite during the carbothermic reduction of the ore. Following conclusions were derived.
(1) Sample characterization indicates that the iron minerals are mainly hematite and goethite, and the phosphorous mainly exists as fluorapatite, it is very difficult to beneficiate this iron ore by traditional dressing due to its low grade, its complex mineral dissemination particle sizes and its high phosphorus content.
(2) The recommended conditions for carbothermic reduction are identified as a reduction temperature of 1 050°C, a reduction duration of 150 min, a C/Ore mass ratio of 20% and a mass ratio of Na2O3 to ore of 10%. A series of reactions between FeO and SiO2 have been taken place inevitability and a new phase of fayalite (2FeO·SiO2) is formed. This is the main hindrance to accelerate the reduction of limonite ore. (3) Iron particle size in reduced ore without Na2CO3 additive is tiny and the fayalite is abundant. Adding a mass ratio of Na2O3 to ore of 10% can reinforce the reduction of limonite. The iron particle size is coarse and the diffraction peak of metallic iron increases markedly with a corresponding significant decrease in the diffraction peak of fayalite. Meanwhile, the separation of iron from gangue can be improved. Excessive Na2CO3 cannot help the reduction of limonite (4) Fluorapatite is not reduced to P2 and enters into gangue phase at the temperature of 1 050°C, and the results are consistent with the results of distribution of P, Ca and Fe. Ultrafine grinding is an efficient way to obtain a qualified iron concentrate. When the limonite ore with high phosphorus content reduced at the recommended reduction conditions is grinded to 90% below 38 μm in size, a concentrate with 76.5% Fe and 0.25% P, can be obtained, with an iron recovery of 76.3%.
